Semiclassical models for lasers typically incorporate a fundamental simplification called the rotatingwave approximation. In this study the rotating-wave approximation is reexamined, and its implications for the simplest problem of a steady-state laser oscillator are considered in detail. It is found that for practical laser operating conditions the errors resulting from this approximation may not always be negligible. PACS number(s): 42.60.Lh, 42.50.Hz
I. INTRODUCTION Every analysis of laser behavior typically involves a series of approximations. Some of these approximations are noted explicitly as a calculation proceeds, while others are already implicit in the starting formalism. Among the first approximations that one encounters in a semiclassical model are certain assumptions about the field derivatives and frequency differences appearing in
Maxwell's equations. These assumptions were clearly noted in the Maxwell-Schrodinger laser models developed by Lamb and others [1] , and they are sometimes identified in part as slowly-varying-amplitude approximations. In recent studies the author has considered in detail the consequences and possible limitations of these assumptions for steady-state and unstable laser amplifiers and oscillators [2] . A different but equally fundamental approximation involves the neglect of harmonics of the field and polarization oscillation frequencies that always arise in the intrinsically nonlinear Maxwell-Schrodinger models. For historical reasons this neglect is often referred to as the rotating-wave approximation, and it too has long been recognized [1] . The purpose of this study is to reexamine the rotating-wave approximation and obtain an estimate of the errors that it might introduce into a laser calculation. The emphasis here is on the simplest problem of steady-state laser oscillation, and it is shown that the errors resulting from this approximation may not always be negligible.
A few investigations of the effects of the rotating-wave approximation on laser behavior have been carried out previously, but for the most part those studies use highly simplified models and are not directly applicable to practical laser systems. Typical simplifications in the semiclassical field-atom models include the neglect of pumping, spontaneous decay, coherence decay, cavity losses, and propagation effects. These models are found to sometimes exhibit chaotic oscillatory behavior [3, 4] , and exact periodic solutions have also been found [5, 6] . For practical laser operating conditions, the rotating-wave approximation is generally understood to lead to only small quantitative differences from the predictions of more exact treatments, and the Bloch-Siegert shift is an example [7] . Corrections are also believed to only be important at very high intensities [8] . p, s(u, cv, z, t) =[P"(u,cu, z, t)+iP, (u, cu, z, t)]I2p, (7) where the subscripts r and i denote the real and imaginary parts, respectively. It is also helpful to introduce the population difference and sum according to
With these substitutions Eqs. (1) - (4) 
Also, from Eq. (6) the polarization can be written P(z, t)= f f P"(u,co,z, t)du dco 0 -oo (14) III. PERIODIC FIELD It usually is not useful to look directly for general solutions of Eqs. (5) and (10) - (14) , and some constraints will be imposed here at the outset. To be specific, we will only consider solutions in which each of the dependent variables can be represented as a sum of harmonics of a fundamental traveling-wave field. %"hile this constraint limits somewhat the kinds of spatial and temporal dynamics that can be investigated, it provides a first check on the implications of the rotating-wave approximation for most ordinary cw laser oscillators. These lasers are generally understood to produce a steady-state output intensity when one looks on a time scale long compared to an optical cycle or a distance scale long compared to a wavelength. If the losses in a unidirectional ring laser oscillator can be considered to be uniformly distributed and the pump rates constant, then the time and space variations of the dependent variables in Eqs. (5) and (10) - (14) can be represented by (10) - (13) one obtains the equations i(2j +1)(ku CO)P; -zj+, (u 
Dzj(v co ) 
The same substitutions reduce Eqs. (5) clear from the figure that for strong saturation the intensity behavior of a wideband laser may be much more complicated than expected from formulas based on the rotating-wave approximation.
The dispersion factor (co 0)r, /-co from Eq. (67) is plotted as a function of the threshold parameter in Fig.2 for the same conditions as Fig. 1 . It is clear from these results that the oscillation frequency of a laser depends on the pumping level. With the rotating-wave approximation, on the other hand, the oscillation frequency of a homogeneously broadened laser is independent of the pump rate.
The tuning curves of the laser are also corrected significantly when the rotating-wave approximation is avoided. Figure 3 shows the normalized intensity as a Fig. 4 VI. CONCLUSION 
